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Abstract	

RAS	 proteins	 are	membrane-anchored	GTPases	 that	 regulate	 key	 cellular	 signaling	 networks.	 It	 has	 been	

recently	 shown	 that	 different	 anionic	 lipid	 types	 can	 affect	 the	 properties	 of	 RAS	 in	 terms	 of	

dimerization/clustering	 on	 the	 cell	 membrane.	 To	 understand	 the	 effects	 of	 anionic	 lipids	 on	 key	

spatiotemporal	properties	of	dimeric	K-Ras4B,	we	perform	all-atom	molecular	dynamics	simulations	of	the	

dimer	 K-Ras4B	 in	 the	 presence	 and	 absence	 of	 Raf[CRD/RBD]	 effectors	 on	 two	 model	 anionic	 lipid	

membranes:	one	containing	78%	mol.	DOPC,	20%	mol.	DOPS,	2%	mol.	PIP2	and	another	one	with	enhanced	

concentration	of	anionic	lipids	containing	50%	mol.	DOPC,	40%	mol.	DOPS,	10%	mol.	PIP2.	Analysis	of	our	

results	 unveils	 the	 orientational	 space	 of	 dimeric	 K-Ras4B,	 and	 shows	 that	 the	 stability	 of	 the	 dimer	 is	

enhanced	 on	 the	 membrane	 containing	 a	 high	 concentration	 of	 anionic	 lipids	 in	 the	 absence	 of	 Raf	

effectors.	This	enhanced	stability	is	also	observed	in	the	presence	of	Raf[CRD/RBD]	effectors	although	it	 is	

not	influenced	by	the	concentration	of	anionic	lipids	in	the	membrane,	but	rather	on	the	ability	of	Raf[CRD]	

to	anchor	to	the	membrane.	We	generate	dominant	K-Ras4B	conformations	by	Markov	State	Modeling	and	

yield	the	population	of	states	according	to	the	K-Ras4B	orientation	on	the	membrane.	For	the	membrane	

containing	anionic	lipids,	we	observe	correlations	between	the	diffusion	of	K-Ras4B	and	PIP2	and	anchoring	

of	anionic	lipids	to	the	Raf[CRD]	domain.	We	conclude	that	the	presence	of	effectors	with	the	CRD	domain	

anchoring	 on	 the	 membrane	 as	 well	 as	 the	 membrane	 composition	 both	 influence	 the	 conformational	

stability	of	the	K-Ras4B	dimer	enabling	the	preservation	of	crucial	interface	interactions.	
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1.	Introduction	

Ras	proteins	are	plasma	membrane	associated	GTPases	 that	act	as	 signal	 transducers	 switching	between	

the	active	(GTP	bound)	and	inactive	(GDP	bound)	states;	in	their	active	state,	GTPases	interact	with	effector	

proteins	facilitating	different	downstream	signaling	pathways	necessary	for	cell	proliferation/growth1.	The	

upstream	regulatory	guanine	nucleotide	exchange	 factor	 (GEF)	proteins	activate	GTPases	by	enabling	 the	

release	of	GDP	 to	allow	binding	of	GTP,	while	GTPase	deactivation	 is	mediated	by	 the	GTPase	activating	

proteins	(GAPs),	which	include	GTP	hydrolysis2.	Single	point	mutations	on	Ras	proteins	at	the	positions	of	

association	with	these	regulatory	proteins	(primarily	at	codons	12,	13,	and	61)	result	in	permanent	GTPase	

activity	 on	 the	 plasma	membrane,	which	 is	 associated	 to	 nearly	 30%	of	 human	 tumors.2,3	 Consequently,	

over	the	last	decade	direct	drug	targeting	of	Ras	signaling	has	been	a	popular	albeit	challenging	strategy	for	

developing	 cancer	 therapeutics4.	 Ras	proteins	 share	 a	 conserved	G-domain5	 and	a	 cationic	 hypervariable	

region	 (HVR),	 which	 enables	 association	 with	 the	 membrane	 through	 its	 C-terminal	 post	 translational	

modification.6,7	

	

K-Ras4B	 is	 one	 of	 three	 Ras	 isoforms,	 which	 stimulates	 the	 extracellular	 signal-regulated	 kinases	

(ERK)/mitogen-activated	 protein	 kinase	 (MAPK)	 pathway	 by	 recruiting	 rapidly	 accelerated-fibrosarcoma	

(Raf)	 kinases	 to	 membranes.8,9	 Cytosolic	 Raf	 exists	 in	 an	 inactive,	 auto-inhibited	 conformational	 state,	

which	is	activated	upon	binding	to	K-Ras4B10.	Raf	kinases	consist	of	the	kinase	domain	connected	by	a	long	

linker	to	the	Ras	Binding	Domain	(RBD),	which	directly	binds	to	the	effector	binding	domain	of	K-Ras4B,11	as	

well	as	the	Cysteine	Rich	Domain	(CRD),	a	membrane	binding	domain.12	Upon	binding	to	the	K-Ras4B	dimer,	

the	kinase	domains	of	Raf	interact	through	a	dimer	interface,	mediated	by	K-Ras4B	on	the	cell	membrane	

(Figure	 S1),	 and	 their	 association	 leads	 to	 the	 phosphorylation	 and	 activation	 of	MAPK,	 transmitting	 the	

signal	down	to	ERK.13	Thus,	the	activity	of	the	resulting	K-Ras4B-Raf[RBD/CRD]	membrane	anchored	protein	

complex	 is	regulated	by	the	dimerization	of	the	K-Ras4B	G-domain.14,15	The	existence	of	K-Ras	dimers	has	

been	 confirmed	 by	 a	 number	 of	 studies14-16,17	 as	 well	 as	 a	 study	 observing	 a	 trimer	 conformation18.		

Apparently,	dimerization	is	critical	for	the	activity	of	wild-type	(WT)	K-Ras	and	its	oncogenic	variant	G12D	K-

Ras	as	shown	by	the	fact	that	the	K-Ras	D154Q	mutant	does	not	have	the	ability	to	dimerize16,	being	unable	

to	activate	downstream	signaling	and	cell	growth	in	vitro	and	in	vivo	both	in	the	WT	and	mutant	forms.	 

	

Different	 dimer	 interfaces	 have	 been	 proposed	 for	 membrane-bound	 RAS	 dimers	 such	 as	 the	 region	

between	the	α4-α5	helices	and	the	 loop	between	β2-β3	sheets	for	NRAS,19	the	α4-β6-α5	helical	 interface	

for	HRAS,20	the	α4-α5	interface,16,17,21	the	β2	strands	or	the	α3-α4	helical	interface	for	KRAS.15,22	Moreover,	

Ras	dimers	have	been	pursued	in	experimental	studies	and	are	resolved	by	X-ray	crystallography	though	in	

the	 absence	 of	 the	 cell	 membrane23,24	 as	 well	 as	 by	NMR-inspired	 structures	 in	 nanodiscs.17	 The	 α4-α5	

interface	has	been	 identified	as	highly	 likely	for	K-Ras4B	dimers,	as	demonstrated	 in	a	study	showing	that	
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disrupting	 the	 α4-α5	 interface	 by	 introducing	 the	 D154Q	mutant	 abolished	 both	 WT	 and	 mutant	 KRAS	

homodimerization16	but	did	not	 influence	K-Ras4B	 intrinsic	GTPase	activity,	GEF	or	GAP	sensitivity,	and	C-

Raf	 binding.	 Specifically,	 the	 α4-α5	 dimer	 interface	 present	 in	 the	 asymmetric	 unit	 of	 the	 PDB	 crystal	

structure	5VQ2,23	residues	D154	and	R161	of	the	two	different	K-Ras4B	monomers	form	two	intermolecular	

salt	 bridges;	 abolishing	 this	 interaction	 by	 introducing	 the	 D154Q	 mutation	 interrupts	 K-Ras4B	

dimerization.16	Moreover,	 a	 second	 study	 demonstrated	 that	 a	 designed	 monobody	 interacts	 with	 the	

catalytic	 domain	 of	 both	 GTP-	 and	 GDP-bound	 KRAS	 and	 disrupts	 KRAS	 dimerization	 through	 the	α4-α5	

interface.20	Another	 recent	study	on	nanodiscs	via	paramagnetic	 relaxation	enhancement	 (PRE)	NMR	also	

reported	 the	α4-α5	 region	 as	 the	 likely	 dimerization	 interface,	 but	proposed	a	different	orientation	of	K-

Ras4B	 membrane-associated	 homodimers	 bound	 to	 GTP	 and	 GDP.17	 A	 combination	 of	 size	 exclusion	

chromatography	and	small	angle	X-ray	scattering	(SAXS)	experiments	showed	that	the	presence	of	Raf[RBD]	

is	sufficient	to	promote	Ras	G-domain	dimerization	in	solution	and	that	the	molecular	envelopes	generated	

from	 the	 SAXS	 data	 unequivocally	 support	 a	 dimeric	 Ras/Raf[RBD]	 structure	 which	 fits	 to	 the	 α4-α5	

interface.25	 These	 observations	 suggest	 that	 the	 α4-α5	 interface	 may	 be	 the	 most	 viable	 for	 K-Ras	

dimerization;	 however,	 a	 conclusive	 biologically-relevant	 K-Ras4B	 dimer	 structure	 has	 not	 been	 yet	

established.	

	

Prior	 to	 Raf	 binding,	 the	 K-Ras4B	 G-domain	 adopts	 distinct	 orientational	 conformations	 relative	 to	 the	

anionic	membrane.26	In	some	of	these	configurations	the	membrane	occludes	binding	of	the	Raf	effector	as	

well	as	influences	the	dynamics	of	dimerization.27,28	An	interplay	between	the	presence	of	specific	anionic	

lipid	species	in	the	local	environment	of	K-Ras4B,	the	conformations	of	the	HVR,29	and	its	influence	on	the	

dynamics	 of	 the	 G-domain	 control	 the	 reorientation	 and	 diffusion	 of	 K-Ras4B	 on	 the	 cell	 membrane,	

affecting	both	the	assembly	of	 the	complex	as	well	as	 its	dimerization.30	The	phosphatidylserine	 (PS)	and	

phosphatidylinositol	4,5-bisphosphate	(PIP2)	are	the	signature	anionic	lipid	species	that	play	a	critical	role	

in	affecting	Ras	conformations	on	 the	plasma	membrane.	Even	 though	 the	 total	 concentration	of	PIP2	 in	

the	 plasma	 membrane	 is	 below	 1%,	 this	 average	 does	 not	 give	 a	 clear	 picture	 of	 the	 local	 PIP2	

concentration	 in	 the	 cellular	 membrane	 because	 PIP2	 and	 other	 phosphoinositide	 lipids	 are	 in	 fact	

distributed	 non-uniformly	 in	 the	 plasma	 membrane.	 Studies	 on	 the	 protein	 MARCKS	 show	 that	 in	 its	

vicinity,	 the	 local	 PIP2	 concentration	 can	 indeed	 be	 elevated	 by	 a	 factor	 of	 400,	 using	 a	 cluster	 of	 basic	

residues	that	creates	a	significantly	positive	electrostatic	potential,	which	enhances	the	local	concentration	

of	PIP2	by	creating	a	basin	of	attraction	for	anionic	lipids.31	As	already	suggested	in	the	literature,	similar	to	

the	MARCKS	protein,	the	basic	cluster	of	K-Ras	could	laterally	sequester	and	concentrate	PIP2	molecules.32	

The	 influence	 of	 PIP2	 and	 PS	 lipids	 in	 the	 interaction	 of	 the	 HVR	 and	 the	 G-domain	 with	 the	 plasma	

membrane	has	been	studied	both	computationally	and	experimentally,29	33	34	35	36	revealing	their	impact	in	

the	K-Ras4B	localization	on	the	plasma	membrane.	In	a	recent	review,	where	the	diverse	PIP2	functions	at	

the	plasma	membrane	are	explored,37	studies	using	super-resolution	stimulated-emission	depletion	(STED)	
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microscopy	are	reported,	which	indicate	that	PIP2	forms	clusters	on	the	cellular	membrane	that	reach	65-

73	nm	in	size.38	39	Following	these	indications	for	local	PIP2	aggregation,	recent	studies	on	K-Ras	have	been	

conducted,	where	increased	PIP2	concentration	is	used	in	order	to	model	this	raft	formation	in	the	vicinity	

of	 the	 receptor.	 Particularly,	 a	multi-microsecond	MD	 study	 exploring	 the	 K-RAS	 isoform	 4A	 orientation	

with	 respect	 to	 the	 membrane	 composition	 has	 used	 a	 PIP2	 concentration	 of	 5.3%	mol	 for	 one	 of	 the	

studied	model	membranes.40	In	this	study,	a	clustering	of	PIP2	molecules	in	contact	or	nearby	the	K-Ras4A-

membrane	 contact	 region	 has	 been	 observed	 throughout	 the	 simulation	 time,	 where	 several	 PIP2	

molecules	 were	 found	 to	 interact	 with	 positively	 charged	 residues	 of	 K-Ras4A.	 Because	 the	 inositol	

phosphate	 group	 has	 several	 substituents,	 a	 PIP2	 molecule	 is	 able	 to	 interact	 with	 different	 K-Ras4A	

residues	 simultaneously,	 thus	 engaging	 in	 very	 stable	 interactions.	 A	 comprehensive	 list	 of	 residues	

interacting	with	PIP2	can	be	 found	 in	 ref.40	 .Moreover,	 the	POPC/PIP2	membrane	employed	 in	 this	 study	

has	a	broader	charge	distribution	than	the	POPC	or	POPC/POPS	membrane	systems	due	to	the	additional	

charged	phosphate	groups	carried	by	the	PIP2	inositol	headgroup.	This	broader	charge	distribution	leads	to	

diverse	 K-Ras4A	 orientations	 towards	 the	 membrane	 as	 these	 orientations	 are	 mostly	 dictated	 by	 the	

electrostatic	attraction	between	charged	residues	and	the	 lipids.	 	Moreover,	a	recent	1ms	MD	study	that	

addresses	how	the	spatiotemporal	properties	of	K-Ras4B	are	affected	by	anionic	lipids	has	employed	model	

membranes	that	reach	an	8%	mol.	PIP2	concentration,30	suggests	that	the	sequestration	dynamics	of	PIP2	

can	 strongly	affect	 the	dynamics	of	K-Ras4B	by	 interacting	with	 the	HVR	 region,	which	has	11	 lysine	and	

only	two	acidic	residues.	 Indeed,	 the	 lateral	diffusion	of	PIP2	appears	to	have	a	stronger	correlation	with	

the	 diffusion	 of	 K-Ras4B	 than	 the	 lateral	 diffusion	 of	 POPS	 and	 K-Ras4B	 diffuses	 slower	 in	 membranes	

containing	PIP2.	Another	MD	study	performed	on	nanodiscs,	investigated	several	membrane	compositions	

including	 one	with	 a	 PIP2	 concentration	 of	 up	 to	 10%	mol.	 This	 study	 showed	 that	 K-Ras4B/membrane	

dissociation	constant	in	membranes	with	10%	mol.	PIP2	concentration	is	decreased	nearly	10-fold	relative	

to	 membranes	 that	 contained	 only	 3%	 mol.	 PIP2.35	 Additionally,	 in	 a	 recent	 study	 combining	 NMR	

spectroscopy	 with	 MD	 simulations	 complemented	 by	 biophysical-	 and	 cell-biology	 assays,	 membranes	

containing	5%	mol.	PIP2	in	DOPC	nanodiscs	were	employed	and	the	β2-β3	strands	and	helices	α4	and	α5	of	

the	K-Ras4B	G-domain	were	 found	 to	bind	 to	PIP2.34	All	 studies	 showed	that	K-Ras	orientation	on	model	

membranes	is	highly	affected	by	the	overall	negative	charge	of	the	membrane	and	also	by	the	type	of	lipid	

interacting	with	K-Ras,	pinpointing	that	a	putative	high	PIP2	concentration	in	the	vicinity	of	K-Ras	should	be	

thoroughly	examined	for	its	effects	on	the	structure	and	dynamics	of	the	protein.	For	these	reasons,	in	this	

study	we	have	chosen	to	study	K-Ras4B	in	the	presence	of	both	a	low	(2%	mol.)	and	a	high	(10%	mol.)	PIP2	

concentration	model	membrane.	

	

Recent	NMR	studies	of	the	K-Ras4B	dimer	without	effectors17	and	of	the	K-Ras4B-Raf[RBD/CRD]	monomer41	

on	the	plasma	membrane	report	distinct	possible	orientations	for	the	G-domain	on	the	membrane.	At	the	

same	time,	the	membrane	composition	as	well	as	the	competition	for	protein-membrane	contacts	between	



	 5	

the	CRD	domain	of	Raf	and	K-Ras4B	are	key	factors	affecting	the	K-Ras4B	configurational	ensemble	on	the	

membrane	 and	 could	 enhance	 dimer	 stability.42	 Integrating	 structural	 and	 computational	 studies	 could	

exploit	the	relationship	between	the	disruption	of	K-Ras4B	signaling,	the	occlusion	of	the	effector	binding	

domain,	 and	 specific	 lipid	 species	 for	 drug	 design.43	 In	 this	 study,	 the	 K-Ras4B-Raf[RBD/CRD]	 dimer	 is	

modeled	 in	 a	 conformation	 in	 accordance	 to	 the	 α4-α5	 interface	 anchored	 on	 two	 model	 plasma	

membranes	with	compositions	of	78:20:2	%mol.	and	50:40:10	%mol.	DOPC:DOPS:PIP2	in	order	to	examine	

the	 influence	 of	 anionic	 lipid	 concentration	 on	 the	 stability	 of	 the	 K-Ras4B	 dimer	 in	 the	 presence	 and	

absence	of	Raf[RBD/CRD]	effectors.	The	distribution	of	 lipid	 species	as	well	as	 their	 interactions	with	 the	

different	domains	of	the	protein	complex	is	studied	with	respect	to	the	varying	PIP2	concentration.	We	find	

that	 the	 stability	 of	 K-Ras4B	 on	 the	 model	 membrane	 in	 the	 absence	 of	 effectors	 is	 influenced	 by	 the	

anionic	lipid	concentration.	In	the	presence	of	effectors,	the	system	shows	enhanced	stability	compared	to	

the	 no	 effector	 system,	 and	 this	 stability	 is	 not	 further	 enhanced	 with	 the	 increase	 of	 anionic	 lipids.	

Furthermore,	we	examine	 the	diffusion	of	 K-Ras4B	 and	 the	different	 lipids.	We	 calculate	 the	 relevant	 K-

Ras4B	dimer	macrostates	 for	each	system	and	present	 the	population	of	states	according	to	 the	K-Ras4B	

orientation	on	the	membrane.	Through	these	results,	we	establish	key	components	that	may	facilitate	K-

Ras4B	dimer	stability.	

	

	

2.	Methods	

2.1	Building	the	K-Ras4B	Dimer	Structure	with	and	without	Effectors	on	Model	Membranes	

Biochemical	 data	 point	 to	 the	α4-α5	 interface	 being	 the	most	 viable	 for	 K-Ras4B	dimerization,	 based	on	

experimental	 evidence	 showing	 that	 the	 D154Q	 mutation	 abolishes	 both	 the	 WT	 and	 mutant	 K-Ras	

dimerization	without	influencing	its	intrinsic	GTPase	activity,	GEF	or	GAP	sensitivity	and	C-Raf	binding,16	and	

also	based	on	the	recently	published	molecular	model	of	K-Ras4B.	The	same	interface	is	also	present	in	a	K-

Ras4B	dimer	model	built	using	the	PDB	 ID:	4DSO	structure44	using	paramagnetic	 relaxation	enhancement	

(PRE)	NMR-derived	distances	and	a	multibody	docking	protocol	via	HADDOCK	2.2.17	In	the	crystal	structure	

of	Ref.23	(PDB	ID:	5VQ2)	α5	is	rotated	90o	with	respect	to	α4	and	α5	helix	of	the	opposite	monomer,	forming	

an	α4-α5	 interface,	 which	 includes	α5-α5	 and	α4-α4	 interfaces	with	 the	 two	 intermolecular	 salt	 bridges	

forming	between	R161	and	D154	(Figure	S2).	

The	asymmetric	unit	 in	Ref.23	 is	 the	only	crystal	 structure	of	a	K-Ras4B	dimer	conformation	that	exists	 to	

date	in	complex	with	GTP.	This	conformation	is	also	consistent	with	the	α4-α5	interface	hypothesized	to	be	

the	 main	 dimer	 interface	 contact	 in	 Ref.16	 In	 order	 to	 assess	 the	 stability	 of	 this	 interface,	 we	 first	

performed	short	dimer	binding	simulations	with	varying	orientations	starting	from	two	K-Ras4B	monomers,	

bound	 to	 a	 model	membrane	 at	 a	 distance	 of	 at	 least	 10	 Å	 (see	 the	 Supporting	 Information	 for	 more	

information).	The	initial	orientations	for	these	simulations	were	modeled	after	crystal	structures	(e.g.,	PDB	
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ID	5VQ223),	previously	proposed	interfaces	from	the	literature,15	or	potential	dimer	configurations	that	we	

identified	by	means	of	solvent	simulations	of	two	unbound	K-Ras	monomers	(see	Supporting	Information).	

The	 only	 orientation	 that	 displayed	 stable	 interactions	 was	 the	 one	 corresponding	 to	 the	 5VQ2	 crystal	

structure,	as	also	proposed	in	Ref.16	,	and	hence	it	was	chosen	as	the	best	candidate	for	the	K-Ras4B	dimer	

interface.	The	full	structure	of	the	K-Ras4B	monomer	was	generated	using	5VQ223	as	the	core	and	4G0N24	

and	2MSC28	to	build	the	missing	regions	of	K-Ras4B.	To	build	the	Raf	RBD	and	CRD	effector	models	we	used	

structures	with	PDB	IDs	4G0N	and	1FAQ45	and	subsequently	coupled	them	to	K-Ras4B	to	generate	the	final	

GTP-bound	 complex	 (see	 Figure	 S3	 the	 Supporting	 Information	 for	 a	 schematic	 description	 of	 model	

building).	The	modelled	Raf/Ras	complex	presented	herein	is	in	excellent	agreement	with	the	recent	crystal	

structures	of	WT	and	oncogenic	mutants	of	KRas-4B	complexed	with	 the	RBD	and	membrane-interacting	

CRD	 domains	 published	 by	 Tran	 et	 al.46	 A	 superposition	 of	 our	 modelled	 structure	 with	 the	 structure	

published	 by	 Tran	 for	 the	 KRas-4B	 G12V	 mutant	 (PDB	 ID:	 6XHA)	 yields	 an	 RMSD	 of	 only	 1.87	 Å	 if	 the	

Raf[CRD]	 region	 is	 omitted,	 as	 this	 domain	 is	 positioned	 in	 the	 crystal	 structure	 in	 a	 non-compatible	

conformation	with	the	membrane	location,	which	could	be	an	artifact	arising	from	crystal	packing.	We	also	

compared	 the	 structure	 published	 by	 Tran	 et	 al.46	with	 the	 structure	 recently	 published	 by	 Cookis	 and	

Mattos	(PDB	ID:	7JHP)21	or	the	WT	H-RAS;	superposition	of	the	two	structures	shows	an	RMSD	of	only	0.75	

Å	as	they	both	have	a	CRD	domain	pointing	away	from	the	membrane.	A	detailed	comparison	of	our	model	

K-Ras4B	structure	with	the	crystal	structures	mentioned	above	is	illustrated	in	Figure	S4.	

Model	 membranes	 were	 created	 for	 the	 simulations	 of	 the	 K-Ras4B	 dimer.	 The	 first	 membrane	 was	

constructed	with	a	 lipid	composition	of	78%	mol.	DOPC,	20%	mol.	DOPS,	2%	mol.	PIP2	(henceforth	called	

78:20:2	membrane)	and	 the	second	one	with	a	higher	concentration	of	 the	negatively	charged	DOPS	and	

PIP2	 lipids,	 namely	 50%	 mol.	 DOPC,	 40%	 mol.	 DOPS	 and	 10%	 mol.	 PIP2	 (henceforth	 called	 50:40:10	

membrane).	The	K-Ras4B-Raf[RBD/CRD]	dimer	model	was	then	placed	on	the	membrane,	and	the	farnesyl	

groups	 were	 inserted	 into	 the	 membrane	 and	 oriented	 vertically	 to	 the	 membrane	 plane	 adopting	 six	

different	orientations	(see	Methods	and	Supporting	Information	for	more	information)	for	the	5VQ2-based	

model.	We	 then	 run	 four	 replica	 simulations	of	 the	dimer	 K-Ras4B	bound	 to	 the	membrane	without	Raf	

effectors	 in	 the	78:20:2	 as	well	 in	 the	 50:40:10	membrane,	 six	 replica	 simulations	 of	 the	dimer	 K-Ras4B	

bound	 to	 the	 membrane	 with	 Raf[RBD/CRD]	 effectors	 on	 the	 78:20:2	 membrane	 and	 two	 replica	

simulations	 of	 the	dimer	 K-Ras4B	bound	 to	 the	membrane	with	Raf[RBD/CRD]	 effectors	 on	 the	50:40:10	

membrane.	Simulations	were	carried	out	with	the	ACEMD3	software47	and	the	CHARMM36m	force	field.48	

For	 more	 details	 on	 the	 simulation	 protocol	 please	 refer	 to	 the	 Supporting	 Information.	 All	 replica	

simulations	mentioned	in	this	manuscript	are	simulations	of	the	exact	same	system	starting	with	different	

initial	velocities	for	each	independent	run	and	are	listed	in	Table	S1.		

2.2	Markov	State	Models	of	the	K-Ras4B	and	K-Ras4B/Raf	Conformational	Space		
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Markov	State	Models	(MSMs)	were	constructed	in	order	to	explore	the	K-Ras4B	and	K-Ras4B/Raf[RBD/CRD]	

conformational	 space	with	 respect	 to	 the	membrane	 for	 both	membrane	models.	 The	 trajectories	 were	

projected	to	the	metric	space	defined	by	the	distance	of	the	Cα	atoms	of	both	K-Ras4B	monomers	and	the	P	

atoms	of	the	PIP2	molecules	(P	as	defined	by	CHARMM36m)	for	the	membrane	containing	10%	mol.	PIP2	

and	 the	 P	 atoms	 of	 both	 PIP2	 and	 DOPC	molecules	 (P	 as	 defined	 by	 CHARMM36m)	 for	 the	membrane	

containing	 2%	mol.	 PIP2,	 in	 order	 to	 explore	 the	 conformational	 space	 of	 the	 dimer	with	 respect	 to	 the	

model	 membranes.	 Time	 Dependent	 Component	 Analysis	 (TICA)	 was	 performed	 on	 the	 projected	

trajectories	 on	 100	 dimensions	 with	 a	 lag	 time	 of	 0.1	 ns	 for	 all	 systems.	 Clustering	 with	 the	 k-means	

algorithm	 followed	 to	 discretize	 the	 TICA	 space	using	 30	 cluster	 centers	 for	 all	 systems.	The	MSMs	were	

constructed	 using	 the	 PyEMMA	 algorithm49	with	 a	 lag	 time	 of	 3	 ns	 for	 the	 78:20:2	 membrane	 and	 K-

Ras4B/Raf[RBD/CRD]	 system,	 5	 ns	 for	 the	 78:20:2	membrane	 and	 K-Ras4B	 system,	 4	 ns	 for	 the	 50:40:10	

membrane	and	K-Ras4B/Raf[RBD/CRD]	 	system	and	1	ns	 for	 the	50:40:10	membrane	and	K-Ras4B	system	

without	 effectors.	 A	 Perron-Cluster	 Cluster	 Analysis	was	 then	 performed	using	 the	 PCCA+	 algorithm50	 to	

assign	the	aforementioned	clusters	in	4	macrostates	for	the	78:20:2	membrane	and	K-Ras4B/Raf[RBD/CRD]	

system	and	3	macrostates	 for	 the	 rest	of	 the	 systems.	A	detailed	description	of	 the	MSM	construction	 is	

provided	 in	 the	Methods	section	of	 the	Supporting	 Information;	the	relevant	Chapman-Kolmogorov	tests,	

implied	timescales,	energy	surfaces	and	kinetic	models51	are	presented	in	Supporting	Information	Figures	S5	

and	S6.	The	MSM	macrostates	are	provided	as	pdb	structures	in	the	Supporting	Information	data.	

2.3	Analyses	

The	 diffusion	 of	 K-Ras4B,	 DOPC,	 DOPS,	 and	 PIP2	molecules	 was	 calculated	 by	 means	 of	Mean	 Square	

Displacement	(MSD)	using	GROMACS	module	gmx_msd.52	The	diffusion	coefficients	were	calculated	using	

the	Einstein	relation	and	fitting	was	performed	in	the	linear	regime	of	the	log-log	MSD(t)	plot	as	described	

in	Ref.53.	Errors	represent	standard	deviations	calculated	by	block	averaging	with	the	gmx_analyze	module.	

Radial	pair	distribution	functions	(RDFs)	were	calculated	using	the	VMD	gofr	plugin54	for	the	a)	Cα	atom	of	

residue	 T183	of	HVR	 and	b)	 the	NZ	 atom	of	 K148	with	 respect	 to	 the	 P	 atoms	of	DOPC,	DOPS	 and	PIP2	

(atom	names	as	defined	in	CHARMM36m).	Integration	of	the	RDFs	was	performed	in	order	to	calculate	the	

number	of	lipids	that	are	present	up	to	10	Å	using	the	number	integral	over	g(r)	as	implemented	in	the	gofr	

plugin.	Error	bars	are	included	based	on	the	standard	deviation	between	each	replica.	The	percentage	of	K-

Ras4B	G-domain	 membrane	 contacts	 was	 computed	 with	 the	 contact	 Freq.tcl	 script	 of	 VMD.	 Hydrogen	

atoms	 were	 omitted	 in	 this	 calculation	 and	 a	 contact	 was	 counted	 when	 two	 examined	 atoms	 were	

distanced	below	5	Å.	The	secondary	structure	analyses	of	 the	proteins	were	performed	with	 the	timeline	

plugin	 of	 VMD	 that	 uses	 the	 algorithm	 STRIDE	 or	 protein	 secondary	 structure	 assignment	 from	 atomic	

coordinates	 based	 on	 the	 combined	 use	 of	 hydrogen	 bond	 energy	 and	 statistically	 derived	 backbone	

torsional	 angle	 information.55	 Trajectories	 were	 clustered	 using	 the	 gmx_cluster	module	 and	 the	 linkage	

method,	where	a	structure	is	added	to	a	cluster	when	its	distance	to	any	element	of	the	cluster	is	less	than	
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a	cutoff	distance	set	to	0.1	nm.	The	relative	orientation	of	CRD	with	resect	to	K-Ras4B	was	computed	using	

the	GROMACS	gmx	gangle	module	with	vectors	defined	as	described	 in	Figure	S7.	Contour	plots	 showing	

the	probability	of	K-Ras4B	states	with	respect	to	their	membrane	orientation	were	constructed	by	plotting	

the	angle	between	the	K-Ras4B	α5	helix	and	the	membrane	plane	along	with	the	distances	of	the	geometric	

center	of	each	K-Ras4B	monomer	to	the	geometric	center	of	the	membrane.	The	populations	are	calculated	

by	 dividing	 the	 number	 of	 each	 state	 by	 the	 total	 number	 of	 sampling	 frames	 and	 then	 normalize	 the	

resulting	histograms.	

3.	Results	and	Discussion	

3.1	Membrane-Bound	K-Ras4B	Dimer	 in	the	absence	of	Effectors	Shows	Enhanced	Flexibility	 in	

the	78:20:2	Membrane	Compared	to	the	50:40:10	Membrane	

The	initial	dimer	configuration	was	selected	after	performing	short	K-Ras4B	dimer	binding	simulations	with	

varying	orientations	starting	from	two	K-Ras4B	monomers	without	Raf	effectors.	This	procedure	 identified	

the	PDB	ID	5VQ2	structure	as	the	most	stable	structure	(see	Methods	section	and	Supporting	Information).	

We	then	performed	all-atom	MD	simulations	of	the	membrane-bound	K-Ras4B	dimer	using	78:20:2	%mol.	

and	50:40:10	%mol.	 DOPC:DOPS:PIP2	membranes	 (Table	 S1).	 The	K-Ras4B	 dimer	 interface	 based	 on	 the	

5VQ2	structure	is	stabilized	by	two	intermolecular	salt	bridges	between	residues	R161	and	D154	belonging	

to	 two	 different	monomers	 (see	 Figure	 S2	 for	 a	 schematic	of	 the	 salt	 bridges).	We	 thus	 investigated	 the	

conformational	flexibility	of	the	dimer	as	well	as	the	stability	of	the	two	intermolecular	salt	bridges	formed	

on	 the	 dimer	α4-α5	 interface	 between	 residues	 D154	 and	 R161.	 The	RMSD	 time	 series	of	 these	 dimers	

relative	 to	 their	 respective	 initial	 conformations	 is	 stabilized	 after	 ~400	 ns	 (Figure	 S8)	 throughout	 the	

simulations.	Moreover,	visualization	of	 the	system	showed	that	 in	all	cases	K-Ras4B	without	effectors	tilts	

relative	to	the	membrane	normal	and	lies	towards	the	membrane	plane	(Figure	1,	upper	panel).	This	dimer	

tilting	 is	 dynamic,	 leading	 to	both	 K-Ras4B	monomers	 contacting	 the	membrane	 through	α2,	α3	 and	α4	

helices	or	loop	7	(Figure	1	and	FigureS9).		

	

Next,	we	investigated	the	stability	of	the	K-Ras4B	dimer	in	the	absence	of	the	Raf	effector	on	the	50:40:10	

membrane,	 in	 order	 to	 assess	 whether	 it	 led	 to	 results	 analogous	 to	 those	 observed	 for	 the	 78:20:2	

membrane.	We	 found	 that	 the	RMSD	values	are	overall	more	 stable	 in	 the	50:40:10	membrane	 (average	

RMSD	=	1.9	±	0.5	Å,	 Figure	 S8,	 right)	 compared	 to	 the	78:20:2	membrane	 (average	RMSD	=	2.8	±	0.8	Å,	

Figure	 S8,	 left).	 Moreover,	 the	 salt	 bridges	 between	 D154	 and	 R161	 at	 the	 dimer	 interface	 is	 stable	

throughout	 the	 simulations	 for	 the	 50:40:10	membrane,	 while	 it	 significantly	 fluctuates	 for	 the	 78:20:2	

membrane	 (Figure	2).	 The	 stability	 of	 the	 salt	 bridges	 for	 the	 K-Ras4B	dimer	 in	 the	 case	 of	 the	50:40:10	

membrane	can	be	attributed	to	the	enhanced	K-Ras4B-membrane	contacts	as	shown	in	Figure	1.	Figure	1	

shows	that	when	the	membrane	contains	50%	mol.	anionic	lipids	(40%	mol.	DOPS	and	10%	mol.	PIP2),	the	

α2	 and	α3	 helices	 contact	 the	 cell	membrane	at	a	 higher	 percentage	 compared	 to	when	 the	membrane	
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contains	only	22%	mol.	anionic	lipids	(20%	mol.	DOPS	and	2%	mol.	PIP2).	Loop	7	of	K-Ras4B	(residues	105	to	

109)	contributes	to	G	domain-membrane	interactions	in	both	membrane	systems.	This	result	 is	consistent	

to	Ref.26,	where	loop	7	is	considered	as	a	toehold	that	aids	the	catalytic	domain	of	K-Ras	rock	between	the	

surfaces	located	at	helices	α3/4	and	βstrands	1–3/helix	α2.	Conversely,	with	a	2%	mol.	PIP2	concentration,	

contact	between	the	membrane	and	α2	is	minimal.	In	the	case	of	the	50:40:10	membrane,	K-Ras4B	remains	

stable	 and	does	not	 show	 a	 tendency	 to	 tilt	 toward	 the	membrane,	 unlike	 in	 the	78:20:2	membrane.	A	

comparison	of	the	frequency	of	contacts	between	K-Ras4B-membrane	for	both	K-Ras4B	monomers	with	the	

two	model	membranes	can	also	be	seen	in	Figures	S9	and	S10.	However,	there	was	no	significant	difference	

in	the	RMSF	plots	of	K-Ras4B	for	the	two	different	membrane	systems,	except	the	switch	 II	region	(amino	

acids	60-70),	where	K-Ras4B	mutations	are	located	(as	well	as	in	the	P-loop);	switch	II	is	more	flexible	in	the	

K-Ras4B	residing	on	the	50:40:10	membrane	(Figure	S11).		
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Figure	1.	Snapshots	 of	orientations	 of	K-Ras4B	dimer	 on	 the	membrane	without	 effectors	 (upper	 panel).	
Percentage	of	K-Ras4B-membrane	interactions	of	the	K-Ras4B	dimer	based	on	the	5VQ2	structure	with	no	
effectors	 in	 the	 78:20:2	 and	 50:40:10	membrane	 for	 the	 first	K-Ras4B	monomer	 (monomer	 1,	 KR1).	 The	
other	 K-Ras4B	monomer	 (monomer	 0,	 KR0)	 results	 are	 shown	 in	 Figures	 S9	 and	 S10.	 Figure	 S12	 shows	
snapshots	of	representative	orientations	of	K-Ras4B	in	contact	with	the	two	membrane	models.		
	
The	 conformational	 flexibility	 of	 K-Ras4B	 monomers	 in	 the	 absence	 of	 Raf	 effectors	 triggers	 an	 overall	

instability	of	the	interactions	along	the	dimer	interface,	including	loss	of	the	salt	bridges	between	D154	and	

R161	at	the	dimer	interface	(Figure	2)	in	three	out	of	the	four	replica	simulations	in	the	78:20:2	membrane.	

This	disruption	of	the	α4-α5	dimer	interface	is	observed	after	0.3	μs	(replica	1),	throughout	the	whole	1	μs	

trajectory	 (replica	 2)	or	 in	one	 of	 the	 salt	 bridges	 in	 replica	 4	 in	 the	dimer	 K-Ras4B	 systems	without	 Raf	

effectors	bound	to	a	78:20:2	membrane.	These	observations	are	in	close	agreement	with	reported	studies	

suggesting	 that	 K-Ras4B	 gains	 dimerization	 capability	 only	 in	 the	 presence	 of	 additional	 factors,	 i.e.	

downstream	effectors	 such	as	Raf.56	On	 the	 contrary,	 these	 salt	 bridges	are	 stable	 throughout	1μs	 for	all	

replica	 simulations	 in	 the	 50:40:10	membrane	 even	 in	 the	 absence	 of	 Raf	 effectors,	 indicating	 that	 the	

added	negatively	charged	lipids	confer	additional	stability	to	the	α4-α5	K-Ras4B	interface.	

	

In	 order	 to	 further	 investigate	 the	 K-Ras4B	 conformational	 changes	 that	 take	 place	 throughout	 the	

trajectories,	we	constructed	MSMs	combining	the	trajectories	of	all	replica	simulations	(a	total	of	4	μs	for	

each	membrane	model).	The	feature	used	in	order	to	project	the	trajectories	was	the	distance	between	the	

α5	helices	of	each	K-Ras4B	monomer	and	the	P	atoms	of	PIP2	(for	the	50:40:10	membrane)	or	the	PIP2	and	

DOPS	lipid	molecules	(for	the	78:20:2	membrane,	atom	names	as	defined	 in	CHARMM36m).	More	details	

regarding	 the	 construction	 of	 MSMs	 are	 provided	 in	 the	 Methods	 section	 and	 Supporting	 Information	

Section	1.4.	

	

The	MSMs	 constructed	 for	 the	 78:20:2	membrane-K-Ras4B	 in	 the	 absence	 of	 Raf	effectors	 yielded	 three	

similar	macrostates	(RMSD	=	4.1	±	0.8	Å)	indicating	that	the	cumulative	4	μs	trajectories	used	to	construct	

the	models	explored	a	very	stable	area	of	the	phase	space	(Figure	3).	These	structures	are	tilted	towards	the	

membrane	plane	and	the	salt	bridges	that	were	present	in	the	initial	K-Ras4B	(based	on	the	PDB	ID	5VQ2	

structure)	 are	 not	 retained.	 The	MSM	macrostates	 reflect	 the	D154-R161	 salt	 bridge	 breaking	 discussed	

above	for	this	system.	With	respect	to	the	50:40:10	membrane-K-Ras4B	in	the	absence	of	Raf	effectors,	the	

MSMs	yielded	again	three	similar	macrostates	(RMSD	=	6.2	±	0.2	Å)	although	in	this	case	all	states	retain	the	

salt	 bridges	at	 the	α4-α5	 interface,	with	 an	average	 salt	 bridge	distance	of	4.1	±	0.4	Å	 indicating	 a	more	

stable	system	compared	to	the	78:20:2	membrane	system.		
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Figure	2.	Distance	of	 salt	 bridges	 between	D154	 and	R161	 for	 the	K-Ras4B	dimer	without	 effectors	on	 a	
78:20:2	or	a	50:40:10	membrane	for	all	independent	runs.	
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Figure	 3.	 K-Ras4B	macrostates	 calculated	 with	MSMs.	 For	 the	 78:20:2	membrane	 with	 K-Ras4B	 in	 the	

absence	of	Raf	effectors,	 the	most	probable	conformation	 is	State	3	 (79%),	where	one	K-Ras	monomer	 is	

tilted	 towards	 the	membrane	and	 the	 salt	bridges	between	D154	and	R161	are	broken.	For	 the	50:40:10	

membrane	with	K-Ras4B	 in	the	absence	of	Raf	effectors,	the	most	probable	conformation	is	State	3	(90%)	

with	stable	salt	bridges	at	the	dimer	interface.			
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A	cross-validation	of	the	most	characteristic	K-Ras4B	conformation	was	performed	by	constructing	contour	

plots,	showing	the	population	of	states	according	to	the	K-Ras4B	orientation	with	respect	to	the	membrane.		

The	results	are	 in	very	good	agreement	with	the	most	probable	K-Ras4B	conformation	resulting	 from	the	

MSM	 analysis,	 both	 for	 the	 78:20:2	 and	 the	 50:40:10	membrane	 K-Ras4B	 systems	without	 effectors,	 as	

illustrated	 in	 Figure	 4.	 The	 white	 rectangles	 represent	 the	 relevant	 K-Ras4B/membrane	 distance	 and	 K-

Ras4B	α5	helix/membrane	plane	angle	for	macrostate	3,	and	are	located	at	the	highest	probability	areas	of	

the	contour	plot.		

	



	 14	

	

Figure	 4.	 Contour	 plots	 showing	 the	 population	 of	 K-Ras4B	 states	 with	 respect	 to	 their	 membrane	

orientation	 for	 78:20:2	 (top)	 and	 50:40:10	 (bottom)	 membranes	 without	 Raf	 effectors.	 The	 computed	

distance	 corresponds	 to	 the	 distance	 between	 the	 geometric	 center	 of	 each	 K-Ras4B	monomer	 and	 the	

bilayer	geometric	center,	whereas	the	computed	angle	corresponds	to	the	angle	of	each	K-Ras4B	α5	helix	

with	respect	to	the	membrane	plane.	The	white	rectangles	correspond	to	the	relevant	distances	and	angles	

of	the	most	probable	metastable	states	calculated	from	MSMs	(see	the	Supporting	 Information).	Distance	

and	angle	histograms	of	the	two	K-Ras4B	monomers	are	illustrated	in	pink	(KR0)	and	light	blue	(KR1).		



	 15	

	

	

In	 addition,	 cluster	 analysis	 of	 each	model	 system	was	 performed	 for	 all	 trajectories	 and	 representative	

structures	are	presented	in	Figure	S13.	In	the	78:20:2	membrane,	residues	166-172	of	the	α5	helix	of	one	of	

the	 monomers	 is	 folded,	 whereas	 in	 the	 50:40:10	 membrane,	 these	 residues	 are	 unfolded	 in	 both	

monomers	are	leaning	towards	the	membrane.	

	

3.2	Membrane-Bound	K-Ras4B	Dimer	in	the	Presence	of	Raf	Effectors	Shows	Stability	

Irrespective	of	the	Model	Membrane	Anionic	Lipid	Concentration	

Next,	we	sought	to	study	the	conformational	stability	of	K-Ras4B	dimers	in	the	presence	of	the	Raf	effector	

domains	 that	 contact	 K-Ras4B,	 i.e.	 the	 RBD	 and	 the	 CRD	 domains	 of	 Raf.	 Initially,	 we	 performed	 six	

independent	MD	simulations	of	K-Ras4B	dimer	bound	to	Raf	on	a	78:20:2	membrane,	each	with	a	different	

HVR	 configuration,	 in	 order	 to	 investigate	 if	 any	 of	 these	 arrangements	 contributes	 to	 stable	 CRD-

membrane	 interactions.	 These	 simulations	 are	 labelled	 as	 “Simulation	 0-5”	 (see	 Table	 S1	 for	 a	 list	 of	

simulations	performed).	Overall,	K-Ras4B	dimers	bound	to	Raf[RBD/CRD]	demonstrate	more	conformational	

stability	(RMSD	=	2.2	±	0.7	Å,	Figure	S14)	in	the	78:20:2	membrane	compared	to	the	K-Ras4B	dimer	in	the	

absence	 of	 the	 Raf	 effector,	 excluding	 simulations	 2	 and	 5,	 where	 the	 CRD	 of	 Raf	 detaches	 from	 the	

membrane.	 The	 CRDs	 remain	 anchored	 to	 the	 membrane	 in	 the	 rest	 of	 the	 simulations.	 This	 CRD	

detachment	influences	the	stability	of	K-Ras4B	dimer	on	the	membrane,	with	simulation	#5	presenting	the	

largest	 instability	 (RMSD	 of	 K-Ras4B1-165	 Cα	 atoms	 ≈	 5	 Å).	 The	 RMSD	 of	 K-Ras4B	 dimers	 in	 the	 50:40:10	

membrane	is	similar	(RMSD	=	2.4	±	0.9	Å,	Figure	S15),	therefore,	in	this	case,	the	added	negatively	charged	

lipids	 do	 not	 confer	 any	 additional	 stability	 to	 the	 K-Ras4B	 dimer.	 The	 RMSF	 plots	 of	 K-Ras4B	 in	 both	

membrane	 types	 (Figures	S16-S17)	 show	 that	 the	 switch	 II	 region	 is	 again	 the	most	 flexible	with	 a	more	

pronounced	effect	in	the	78:20:2	membrane.	

	

Moreover,	 as	 expected,	 the	 K-Ras4B	 stability	 is	 also	 reflected	 on	 the	 dimer	 interface	 interactions	 and	

particularly	on	the	salt	bridges	formed	between	D154	and	R161	of	the	two	K-Ras4B	monomers	(Figure	5).	In	

simulations	2	 and	 5,	 the	CRD	 is	 detaching	 from	 the	membrane,	 leading	 to	 a	 complete	 disruption	 of	 the	

interface	between	the	two	monomers	through	interactions	between	the	α5	helices	of	the	two	monomers	

(Figure	S2).	 In	simulations	0,	1,	3,	4,	where	the	CRD	remains	anchored	on	the	membrane,	the	salt	bridges	

retain	 their	 stability.	Hence,	 the	decisive	 factor	 for	maintaining	K-Ras4B	dimer	stability	 in	 the	presence	of	

effectors	 is	 the	 ability	 of	 the	CRD	 to	 remain	 anchored	 on	 the	membrane.	Therefore,	 the	 conformational	

stability	 of	 K-Ras4B	 suggests	 that	 the	 presence	 of	 the	 effector	 provides	 conformational	 restriction	 to	 K-

Ras4B	 and	 alleviates	 K-Ras4B-membrane	 interactions	 by	 limiting	 the	 accessible	 K-Ras4B	 areas	 that	 may	

contact	the	cell	membrane	by	steric	hindrance.		
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Next,	we	sought	to	 investigate	whether	the	 increase	 in	the	concentration	of	negatively	charged	 lipids	 in	a	

50:40:10	membrane	 will	 influence	 the	 stability	 of	 the	 K-Ras4B	 dimer	 in	 the	 presence	 of	 Raf[RBD/CRD]	

effectors.	 Again,	 the	 decisive	 factor	 for	 interface	 stability	 of	 the	 K-Ras4B	 dimer	 is	 the	 stability	 of	 the	

Raf[CRD]	domain.	As	can	be	seen	in	Figure	5,	in	replica	1	of	the	K-Ras4B	dimer	in	the	50:40:10	membrane,	

where	 the	 CRDs	 detach	 from	 the	membrane,	 the	 stabilizing	 salt	 bridges	 at	 the	 dimer	 interface	 are	 lost,	

while	in	replica	2,	where	the	CRD	is	anchored	on	the	membrane,	the	salt	bridges	are	retained.	The	increase	

in	the	negatively	charged	phospholipid	concentration	(50%	mol.	vs.	22%	mol.	between	the	two	membrane	

systems	studied	herein)	does	not	confer	additional	anchoring	to	the	CRD,	however,	Figure	6	shows	that	the	

percentage	of	 K-Ras4B-membrane	 interactions	of	 the	 K-Ras4B	dimer	with	Raf[RBD/CRD]	effectors	 on	 the	

78:20:2	and	50:40:10	membranes	differs	significantly.	The	K-Ras4B	dimer	with	Raf[RBD/CRD]	effectors	on	

the	50:40:10	membrane	contacts	the	membrane	with	its	α2	and	α3	helices	and	 loop	7.	To	investigate	this	

further,	we	calculated	 the	 radial	distribution	 functions	of	T183	of	 the	HVR	 (Cα	atom)	with	 respect	 to	 the	

phospholipids	(P	atom)	as	well	as	of	K148	of	the	CRD	domain	(NZ	atom),	which	is	known	to	anchor	to	the	

membrane	with	respect	to	the	phospholipids	(P	atom).	Our	results	show	that	when	the	number	of	anionic	

lipids	are	increased	(from	22%	in	the	78:20:2	to	membrane	to	50%	in	the	50:40:10	membrane)	both	anionic	

species	gather	around	the	positively	charged	nitrogen	atom	of	K148	of	CRD	(Table	1).	For	T183	of	the	HVR,	

the	DOPC	lipids	in	its	vicinity	are	replaced	by	DOPS	and	the	number	of	PIP2	remains	unchanged	(Table	2).	
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Figure	5.	Distance	of	salt	bridges	between	D154	and	R161	for	the	K-Ras4B	dimer	on	a	78:20:2	(upper	panel)	
or	a	50:40:10	membrane	(lower	panel)	with	the	Raf[RBD/CRD]	effectors	for	all	independent	runs.	
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Figure	 6.	Orientations	 of	 K-Ras4B	 dimer	 on	 the	 membrane	 with	 Raf[RBD/CRD]	 effectors	 (upper	 panel).	
Percentage	 of	 K-Ras4B-membrane	 interactions	 of	 the	 K-Ras4B	 dimer	 based	 on	 the	 5VQ2	 structure	 with	
Raf[RBD/CRD]	effectors	 in	the	78:20:2	and	50:40:10	membrane	for	 the	KR1	monomer.	The	KR0	monomer	
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results	 can	 be	 found	 in	 the	 Supporting	 Indormation(Figures	 S18-S19).	 Effectors	 have	 been	 omitted	 for	
clarity.	
	
	
The	conformational	changes	of	the	K-Ras4B	dimer	 in	the	presence	of	Raf[RBD/CRD]	were	further	explored	

by	 calculating	 MSMs.	 The	 MSMs	 constructed	 for	 the	 78:20:2	 membrane	 with	 effectors	 yielded	 four	

macrostates	with	an	average	RMSD	=	13.7	±	0.6	Å.	In	all	macrostates	resulting	from	the	MSMs	at	least	one	

of	 the	 salt	 bridges	 is	 retained,	 which	 is	 in	 agreement	 with	 the	 salt	 bridges	 analysis	 discussed	 before.	

Moreover,	 two	 out	 of	 four	 macrostates	 showed	 an	 elevated	 CRD	 domain,	 corresponding	 to	 longer	 salt	

bridges	(4.3	±	0.2	Å),	whereas	in	the	most	probable	macrostates	(State	3	with	probability	44%	and	state	4	

with	probability	43%),	the	CRD	is	attached	to	the	membrane	and	the	salt	bridges	are	shorter	(3.9	±	0.5	Å),	

although	these	two	values	are	within	the	standard	deviation	of	the	calculation.	The	resulting	macrostates	

are	presented	in	Figure	7.	
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Figure	 7.	 Metastable	 states	 of	 K-Ras4B/Raf[RBD/CRD]	 calculated	 by	 Markov	 State	 Modeling.	 K-Ras	 is	

depicted	in	cyan	and	Raf[RBD/CRD]	 is	depicted	in	blue.	For	the	78:20:2	membrane	with	K-Ras4B	effectors,	

the	most	probable	conformations	are	State	3	(44%)	and	State	4	(43%),	where	both	CRDs	are	attached	to	the	

membrane	and	the	salt	bridges	between	D154	and	R161	are	preserved.	For	the	50:40:10	membrane	with	K-

Ras4B	 effectors,	 the	most	 probable	 conformation	 is	 State	 3	 (63%)	 with	 stable	 salt	 bridges	 at	 the	 dimer	

interface.			
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In	 the	 case	 of	 50:40:10	membrane	with	K-Ras4B	 effectors,	 the	MSMs	 yielded	 three	 similar	macrostates,	

where	 both	 CRDs	 are	 attached	 to	 the	membrane,	 and	 the	α2,	α3	 and	α4	 helices	 are	 tilted	 towards	 the	

membrane	plane.	 In	macrostate	1,	only	one	of	 the	 salt	bridges	 is	present,	while	 in	macrostate	2	and	 the	

most	probable	macrostate	3	 (with	probability	63%),	both	 salt	bridges	are	present,	which	 is	 in	 agreement	

with	the	results	discussed	above,	for	systems	where	the	CRD	is	attached	to	the	membrane.		

	

Again,	 a	 cross-validation	 of	 the	 most	 characteristic	 K-Ras4B	 conformations	 took	 place	 by	 constructing	

contour	plots,	showing	 the	population	of	 states	according	 to	 the	K-Ras4B	orientation	with	 respect	 to	 the	

membrane.	The	results	are	in	very	good	agreement	with	the	most	probable	K-Ras4B	conformation	resulting	

from	the	MSM	analysis,	for	both	membrane	models	with	K-Ras4B	with	effectors,	as	illustrated	in	Figure	8.	

The	white	rectangles	represent	the	relevant	K-Ras4B/membrane	distance	and	K-Ras4B	α5	helix/membrane	

plane	angle	for	macrostate	3	and	are	located	in	the	highest	probability	areas	of	the	contour	plot.		

	

Furthermore,	 in	 order	 to	monitor	 the	 Raf[CRD]	 orientation	 with	 respect	 to	 the	α5	 helix	 of	 K-Ras4B,	 we	

computed	the	angle	between	the	vectors	between	β-sheet	residues	of	Raf[CRD],	G162	and	C165,	and	the	K-

Ras4B	α5	helix	residues	V152	and	K165	(Figure	S7).	The	results	are	presented	in	Table	1.	The	first	500	ns	of	

the	simulation	were	discarded	before	averaging	due	to	high	fluctuations	in	the	observed	angle.	The	results	

show	that	the	Raf[CRD]	is	oriented	in	a	range	of	angles	from	50	to	160	degrees	with	respect	to	the	α5	helix	

of	K-Ras4B,	while	 the	small	 standard	deviations	 indicate	 that	 the	 relative	orientation	 is	 stable	 throughout	

the	simulation	time.	

	

A	cluster	analysis	 in	each	replica	trajectory	(Figure	S13)	was	performed,	which	shows	that	in	both	systems	

containing	effectors,	residues	166-172	of	 the	α5	helix	of	each	monomer	are	unfolded,	 irrespective	 to	 the	

membrane	composition,	whereas	in	the	78:20:2	membrane	system	without	effectors,	residues	166-172	of	

the	α5	helix	of	one	of	the	monomers	is	folded.	When	the	K-Ras4B/Raf[RBD/CRD]	complex	 is	embedded	 in	

membranes	 with	 high	 PIP2	 concentration	 (10%	 mol.),	 these	 residues	 are	 unfolded	 α5	 helices	 and	 are	

leaning	more	towards	the	membrane	in	comparison	to	the	systems	with	low	PIP2	concentration	(2%	mol.)	

as	illustrated	in	Figure	S13.	
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Figure	 8.	 Contour	 plots	 showing	 the	 population	 of	 K-Ras4B	 states	 with	 respect	 to	 their	 membrane	

orientation	for	78:20:2	(top)	and	50:40:10	(bottom)	membranes	with	Raf	effectors.	The	computed	distance	

corresponds	 to	 the	 distance	 between	 the	 geometric	 center	 of	 each	 K-Ras4B	 monomer	 and	 the	 bilayer	

geometric	 center,	 whereas	 the	 computed	 angle	 corresponds	 to	 the	 angle	 of	 each	 K-Ras4B	α5	 helix	with	

respect	 to	the	membrane	plane.	The	white	rectangles	correspond	to	the	relevant	distances	and	angles	of	

the	most	probable	metastable	states	calculated	from	MSMs	(see	the	Supporting	Information).	Distance	and	

angle	histograms	of	the	two	K-Ras4B	monomers	are	illustrated	in	pink	(KR0)	and	light	blue	(KR1).	
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3.3	Restraining	the	CRD	on	the	Membrane	Does	Not	Confer	Additional	Stability	to	the	

Membrane-Bound	K-Ras4B	Dimer	with	Raf[CRD/RBD]	Effectors		

In	 the	 previous	 section	 it	 was	 observed	 that	 the	 strength	 of	 the	 CRD-membrane	 interactions	 seems	 to	

influence	K-Ras4B	dimer	conformational	stability.	The	CRD	domain	of	Raf	contains	three	positively	charged	

residues,	R143,	K144	and	K148,	which	form	 ionic	 interactions	with	the	negatively	charged	DOPS	and	PIP2	

lipids.42	As	shown	in	Ref.57	,	K148	of	CRD	is	the	most	important	residue	responsible	for	the	CRD-membrane	

binding	and	anchoring	process.	Hence,	in	order	to	evaluate	whether	the	anchoring	of	the	CRD	domain	is	the	

decisive	factor	for	K-Ras4B	stability	on	the	membrane,	we	restrained	K148	to	the	membrane	(see	Table	S1)	

and	tested	the	effect	of	CRD	anchoring	on	the	78:20:2	and	50:40:10	membranes	on	the	stability	of	K-Ras4B	

conformation.	 In	 the	78:20:2	membrane	simulations,	we	observed	 that	although	CRD	 is	 anchored	on	 the	

membrane,	 it	does	not	offer	additional	stability	to	the	dimer	system	relative	to	the	unconstrained	system;	

salt	 bridges	 on	 the	 dimer	 interface	 break	 (R168	 bound	 to	 D154)	 after	 ~500	 ns	 in	 two	 out	 of	 three	

simulations	(Figure	S20).	On	the	other	hand,	in	the	simulations	with	the	50:40:10	membrane,	we	observed	

that	 the	 dimer	 remains	 stable	 and	 the	 system	 retains	 these	 salt	 bridges	 (Figure	 S21).	 Therefore,	 we	

conclude	 that	 both	 the	 presence	 of	 the	 effectors	 with	 the	 CRDs	 anchoring	 on	 the	 membrane	 and	 the	

membrane	composition	should	 influence	the	conformational	stability	of	the	K-Ras4B	dimer	preserving	the	

two	interfacial	R161-D154	salt	bridge	interactions.	

	

Figures	S22	and	S23	show	the	percentage	of	contacts	below	5	Å	between	the	center	of	mass	of	each	amino	

acid	 side	 chain	of	 K-Ras4B	 (monomer	0)	 and	K-Ras4B	 (monomer	1)	with	 the	center	 of	mass	of	 the	head	

group	 of	 the	 lipid	 for	 all	 simulations.	 Compared	 to	 the	 simulations	 with	 unrestrained	 CRD	 for	 both	

membrane	 types	 (Figures	 4,	 S18	 and	 S19)	 we	 observe	 that	membrane	 contacts	 are	more	 limited	 in	 the	

50:40:10	 membrane,	 where	 K148	 is	 restrained	 on	 the	 membrane.	 In	 these	 restrained	 simulations,	

calculations	of	the	RMSF	of	K-Ras4B	(Figures	S24	and	S25)	showed	that	the	flexibility	of	the	switch	II	region	

is	not	affected.	
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3.4	Further	Structural	and	Dynamical	Analyses	

Relationship	between	α5	helicity	and	stability	of	the	dimer	interface	

We	also	investigated	how	the	absence	of	secondary	structure	content	of	the	α5	C-terminal	helix	affects	the	

stability	 of	 the	 dimer	 interface.	 α5	 helix	 has	 the	 potential	 to	 impose	 geometrical	 constraints	 on	 the	

orientation	 of	 the	G-domain	 since	 the	 C-terminus	 of	 the	α5	 helix	 orients	 towards	 the	membrane	with	 a	

small	 tilt	 angle	 perpendicular	 to	 the	 membrane	 plane.	 In	 Figures	 S27,	 S29,	 S31,	 S33,	 S35	 and	 S37,	 the	

secondary	structure	of	residues	166-172	is	plotted	against	simulation	time	for	the	78:20:2	membrane	with	

and	without	restraints	for	the	two	K-Ras4B	monomers.	Figures	S26,	S28,	S30,	S32,	S34,	and	S36	show	the	

secondary	structure	content	(helix,	turn,	3/10	helix)	of	residues	166	to	172	for	the	78:20:2	membrane	with	

and	without	 restraints	 for	 the	 two	K-Ras4B	monomers	 (left:	monomer	0,	 right:	monomer	1).	 These	plots	

suggest	that	when	the	secondary	structure	content	of	α5	at	residues	166-172	is	over	50%	the	R161-D154	

salt	bridge	breaks.	A	relationship	between	the	length	of	α5	and	the	orientation	of	the	G-domain	was	also	

observed	 in	 a	 previous	 study.27	 The	 relationship	 between	 HVR-CRD	 interactions	 and	 the	 stability	 of	 the	

dimer	 interface	was	also	 investigated,	but	no	correlation	was	 found	for	CRD-HVR	contacts	and	the	dimer	

interface	 or	 the	 CRD	 leaving	 the	membrane	 for	 the	 78:20:2	 or	 50:40:10	membrane	 dimer	 systems	with	

varying	HVR	initial	positions	in	the	membrane.		

Diffusion	of	K-Ras4B,	DOPC,	DOPS	and	PIP2	Molecules	

To	 characterize	 the	 effect	 of	 the	 membrane	 constitution	 and	 Raf	 effectors	 on	 the	 diffusion	 of	 K-Ras4B	

dimer,	we	computed	the	diffusion	coefficients	of	K-Ras4B	and	the	phospholipids	(Figures	S38-S42).	K-Ras4B	

monomer	diffusion	has	been	experimentally	measured	 in	a	20%PS:80%PC	membrane	to	be	3.5	μm2/s	via	

single-particle	trafficking	techniques	or	4.5	μm2/s	 if	measured	by	fluorescence	correlation	spectroscopy.56	

Ngo	et	al.30	have	calculated	the	monomer	K-Ras4B	diffusion	coefficient	in	presence	of	the	Raf	effector	to	be	

3.00	±	0.22	μm2/s	in	a	membrane	of	30:70	PS:PC	and	2.64	±	0.22	μm2/s	for	a	membrane	of	8:92	PIP2:PC.	In	

our	simulations,	the	K-Ras4B	diffuses	in	a	dimer	form	with	an	average	Dlat	=	0.39	±	0.26	μm2/s	without	Raf	

effectors	in	the	78:20:2	membrane	and	0.50	±	0.27	μm2/s	in	the	50:40:10	membrane,	showing	that	the	K-

Ras4B	 diffusion	 is	 independent	 of	 the	 lipid	 composition	 (Table	 2).	 This	 finding	 is	 verified	 by	 studies	

performed	 with	 fluorescence	 measurements	 showing	 that	 the	 diffusion	 coefficients	 of	 eGFP−RAS	 on	

membranes	 with	 3.3%	 mol.	 of	 PIP2	 are	 only	 ~0.2−0.6	 μm2/s	 lower	 than	 the	 diffusion	 coefficients	 of	

eGFP−RAS	on	membranes	with	10%	mol.	PS,	indicating	that	there	is	no	significant	difference	in	the	K-Ras4B	
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diffusion	upon	change	of	the	lipid	composition.56	Values	of	Dlat	for	all	components	of	the	systems	for	the	

different	replicas	are	shown	in	Table	S2.	

For	 the	 K-Ras4B	 dimer	 system	 in	 the	 presence	 of	 Raf	 effectors,	 Dlat	 =	 0.50	 ±	 0.69	 μm2/s	 in	 a	 78:20:2	

membrane	and	Dlat	=	0.12	±	0.15	μm2/s	 in	the	50:40:10	membrane.	 In	the	presence	of	Raf	effectors	and	

the	50:40:10	membrane,	K-Ras4B	is	slowed	down	3-fold	(Dlat	=	0.12	±	0.15	μm2/s)	compared	to	the	system	

without	Raf	effectors	 (0.50	±	0.27	μm2/s),	which	can	be	rationalized	by	 the	 fact	 that	 the	presence	of	 the	

effectors	create	a	bulkier	system,	which	is	more	difficult	to	diffuse,	albeit	this	trend	is	not	observed	in	the	

78:20:2	 membrane.	 Figure	 S43	 shows	 that	 the	 diffusion	 coefficients	 of	 K-RAS4B	 and	 PIP2	 are	 strongly	

correlated,	while	they	are	not	for	DOPC	or	DOPS,	a	finding	that	is	also	observed	in	Ref.30.	

Differences	 in	 the	 lipid	diffusion	between	the	different	systems	are	also	observed.	DOPC,	DOPS	and	PIP2	

molecules	are	more	confined	on	the	50:40:10	membrane	with	a	2-fold	slowdown	in	terms	of	lipid	diffusion.	

Thus,	lipid	diffusion	appears	to	be	affected	by	the	change	in	lipid	concentrations.		

Table	1.	Number	of	P	atoms	of	DOPC,	DOPS,	and	PIP2	at	10	Å	distance	of	the	T183	Cα	atom	of	the	HVR		as	
calculated	by	RDFs.	
	
	 P	atom	of	DOPC	 P	atom	of	DOPS	 P	atom	of	PIP2	

78:20:2	no	effectors	 2.1	±	0.5	 0.8	±	0.5	 0.6	±	0.4	

50:40:10	no	effectors	 1.3	±	0.3	 1.7	±	0.6	 0.6	±	0.5	

78:20:2	with	effectors	 2.0	±	0.6	 1.0	±	0.6	 0.4	±	0.4	

50:40:10	with	effectors	 1.0	±	0.2	 1.6	±	0.5	 0.4	±	0.1	

	
Table	2.	Number	of	P	atoms	of	DOPC,	DOPS,	and	PIP2	at	10	Å	distance	of	the			NZ	atom	of	K148	of	Raf[CRD]	
as	calculated	by	RDFs.	
	 P	atom	of	DOPC	 P	atom	of	DOPS	 P	atom	of	PIP2	

78:20:2	with	effectors	 2.0	±	1.1	 2.4	±	0.9	 0	

50:40:10	with	effectors	 0.8	±	0.8	 1.5	±	0.2	 0.7	±	0	

	

Table	3.	Average	angle	between	the	vectors	consisting	of	the	β-sheet	residues	of	the	CRD	domain,	G162	and	
C165	and	the	K-Ras4B	α5	helix,	V152	and	K165.	
	

78:20:2	with	effectors	 Angle	(Degrees)	
Dimer	0	 Dimer	1	

simulation	0	 𝟏𝟎𝟗.𝟖 ± 𝟓.𝟖	 𝟓𝟖.𝟔 ± 𝟏𝟔.𝟕	
simulation	1	 𝟏𝟏𝟕.𝟐 ± 𝟑.𝟓	 𝟓𝟔.𝟑 ± 𝟔.𝟔	
simulation	2	 𝟗𝟗.𝟗 ± 𝟒𝟏.𝟎	 𝟓𝟓.𝟐 ± 𝟔.𝟕	
simulation	3	 𝟖𝟗.𝟏 ± 𝟔.𝟒	 𝟖𝟕.𝟒 ± 𝟕.𝟐	
simulation	4	 𝟏𝟓𝟔.𝟔 ± 𝟏𝟎.𝟖	 𝟏𝟏𝟓.𝟔 ± 𝟏𝟑.𝟑	
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simulation	5	 𝟏𝟔𝟎.𝟐 ± 𝟕.𝟖	 𝟏𝟑𝟔.𝟒 ± 𝟖.𝟒	
50:40:10	with	effectors	 Angle	(Degrees)	

Dimer	0	 Dimer	1	
Replica	1	 𝟏𝟓𝟒.𝟗 ± 𝟗.𝟓	 𝟖𝟕.𝟗 ± 𝟗.𝟔	
Replica	2	 𝟏𝟒𝟑.𝟒 ± 𝟕.𝟕	 𝟏𝟑𝟓.𝟑 ± 𝟖.𝟕	
	
	
	
Table	4.	Diffusion	coefficients	for	K-Ras4B,	DOPC,	DOPS	and	PIP2	molecules	averaged	over	replica	
simulations.	
	

Simulation	

Diffusion	

coefficient	of			

K-Ras4B	(μm2/s)	

Diffusion	

coefficient	of	

DOPC	(μm2/s)	

Diffusion	

coefficient	of	

DOPS	(μm2/s)	

Diffusion	

coefficient	of	

PIP2	(μm2/s)	

78:20:2	with	effectors	 0.50	±	0.69	 6.70	±	1.08	 6.69	±	1.53	 5.82	±	1.80	

78:20:2	no		

Effectors	
0.39	±	0.26	 5.58	±	0.32	 4.94	±	0.98	 4.50	±	1.12	

50:40:10	with	effectors		 0.12	±	0.15	 2.91	±	0.64	 2.59	±	0.69	 2.28	±	0.90	

50:40:10	no		

effectors		
0.50	±	0.27	 4.64	±	0.58	 2.90	±	0.38	 2.37	±	0.71	

	

 

4.	Conclusions	

A	 longstanding	question	 in	the	biology	of	KRAS	has	been	to	determine	 its	membrane-anchored	structure,	

which	 is	 critical	 for	 activation	 of	Raf	 kinases	 and	 thus	 downstream	 signaling.	 Recent	 evidence	 points	 to	

dimer	conformations	as	 the	most	 stable	membrane-anchored	 structure,	but	 the	exact	 structure	of	 the	K-

Ras4B	dimer	has	not	been	experimentally	resolved	in	the	presence	of	its	effector	proteins.	In	this	study,	we	

use	 microsecond	 all-atom	 MD	 simulations	 to	 investigate	 how	 K-Ras4B	 spatiotemporal	 properties	 are	

affected	 by	 two	 different	 membranes	 differing	 in	 their	 percentage	 of	 anionic	 lipids	 in	 the	 absence	 and	

presence	of	Raf[CRD-RBD]	effectors.	

	

First,	we	construct	the	K-Ras4B	dimer	based	on	the	5VQ2	crystal	structure	and	verify	its	stability	over	other	

orientations	 through	 independent	 simulations.	 Then,	we	 construct	 two	 model	 membranes	 with	 a	 lipid	

composition	 of	 78%	mol.	DOPC,	 20%	mol.	DOPS,	and	2%	mol.	 PIP2	 (78:20:2	membrane)	 and	one	with	 a	

higher	 concentration	 of	 the	 negatively	 charged	DOPS	 and	 PIP2	 lipids,	 namely	 50%	mol.	 DOPC,	 40%	mol.	

DOPS,	 and	 10%	mol.	 PIP2	 (50:40:10	membrane)	 in	 order	 to	monitor	 the	 spatiotemporal	 stability	 of	 the	

dimer	 in	 the	 presence	 and	 absence	 of	 Raf[CRD-RBD]	 effectors.	 Our	 simulations	 reveal	 that	 when	 the	

membrane	 is	 enriched	with	 negatively	 charged	 phospholipids,	 the	 K-Ras4B	 dimer	 remains	 stable	 on	 the	
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membrane	independent	of	the	presence	of	the	effectors.	The	role	of	anionic	lipids	in	the	cellular	membrane	

and	 PIP2	 in	 particular	 has	 also	 been	 highlighted	 by	 numerous	 previous	 studies.30,32,34,35,	 40	 Specifically,	

clustering	 of	 PIP2	molecules	 has	 been	 observed	 in	 the	 vicinity	 of	 K-Ras4A	where	 several	 PIP2	molecules	

were	found	to	 interact	with	positively	charged	residues	of	K-Ras.40	The	preference	of	K-Ras4B	binding	the	

PIP2	 lipids	has	been	also	 shown	by	 simulations	of	 the	K-Ras4B	monomer	 in	different	 composition	model	

membranes	 in	 a	 recent	 study30	 and	 is	 also	 supported	 by	 experimental	 results.35,58	 Contradictory	

experimental	results	also	exist,29	which	showed	that	K-Ras4B	may	prefer	co-localizing	with	PS	than	with	PIP2	

in	 lipid	membranes	having	 less	 than	 1%	of	 PIP2,	 versus	 10-20%	of	 PS,	 however	 this	 low	 average	 cellular	

concentration	of	PIP2	may	not	be	characteristic	of	the	actual	membrane	environment,	since	PIP2,	similarly	

to	other	phosphoinositides,	engages	in	a	non-uniform	distribution	in	the	plasma	membrane.31		

	

The	conformational	 flexibility	of	 the	K-Ras4B	dimer	 in	 the	78:20:2	membrane	 in	 the	absence	of	effectors	

triggers	an	overall	 instability	of	the	 interactions	along	the	dimer	interface,	 including	loss	of	the	salt	bridge	

between	D154	and	R161	at	the	dimer	interface.	This	disruption	of	the	α4-α5	dimer	interface	is	observed	in	

all	 replica	 simulations	 and	 confirmed	 by	MSM	 analysis.	 These	 observations	 are	 in	 close	 agreement	 with	

reported	 studies	 suggesting	 that	 K-Ras4B	 gains	 dimerization	 capability	 only	 in	 the	 presence	 of	 additional	

factors,	 i.e.	 downstream	 effectors	 such	 as	 Raf.56	 As	 an	 additional	 factor	 contributing	 to	 K-Ras4B	 stable	

dimers	we	 report	here	 that	an	 increased	concentration	of	anionic	 lipids	 (50:40:10	membrane)	 can	confer	

stability	 to	 that	 α4/α5	 K-Ras4B	 dimer	 interface	 (facilitated	 by	 the	 D14-R1616	 salt	 bridge)	 even	 in	 the	

absence	of	effector	binding	(Figure	2).	Indeed,	while	we	find	that	K-Ras4B	diffusion	is	not	influenced	by	the	

PIP2	concentration,	K-Ras4B	diffusion	is	correlated	to	the	diffusion	of	PIP2	but	not	to	DOPS	or	DOPC,	which	

could	 indicate	a	 stabilizing	PIP2	effect.	Further	 studies	on	K-RAS	protein-protein	 interactions	 suggest	 that	

although	the	catalytic	domain	is	directly	involved	in	the	dimer	formation,	the	interactions	are	so	weak	that	

dimers	 are	 unlikely	 to	 be	 observed	 under	 standard	 experimental	 conditions,	 but	 can	 be	 enriched	 upon	

membrane	binding.59	This	conclusion	could	also	imply	that	the	effector	recruitment	together	with	the	stable	

binding	of	the	complex	on	the	membrane	is	of	vital	importance	for	K-RAS	dimerization.			

	

Regarding	the	relative	orientation	of	the	K-Ras4B	dimer	with	respect	to	the	plane	of	the	membrane	 in	the	

presence	and	absence	of	effectors	and	 the	 tow	model	membranes,	we	made	 the	 following	observations.	

For	 the	78:20:2	membrane	 in	 the	absence	of	effectors,	 the	disrupted	dimer	adopts	a	 tilted	conformation	

towards	 the	membrane	with	angles	of	 the	α5	helix	with	respect	 to	 the	bilayer	plane	ranging	 from	130	to	

150	degrees	 (Figure	4).	 In	 the	presence	of	 effectors	 in	 the	78:20:2	membrane,	 the	α5	helices	 angle	with	

respect	 to	 the	 bilayer	 plane	 adopt	 higher	 values	 (140	 to	 160	 degrees,	 shown	 in	 Figure	 8),	which	 can	 be	

attributed	to	the	fact	that	the	effectors	detach	from	the	membrane	and	force	one	of	the	α5	helices	to	adopt	

conformations	in	a	wider	angle.	In	the	case	of	the	50:40:10	membrane,	the	system	without	effectors	swings	

between	a	significantly	 tilted	conformation	 that	can	reach	up	 to	115	degrees	angle	between	the	α5	helix	
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and	 the	 membrane	 plane	 and	 a	 less	 tilted	 conformation	 of	 140	 degrees	 (Figure	 4).	 In	 the	 presence	 of	

effectors	the	system	is	 further	stabilized	and	adopts	conformations	with	angle	values	of	140-150	degrees,	

indicating	 that	 the	 effectors	 restrict	 the	 dimmer	 tilt	 towards	 the	 membrane.	 Moreover,	 the	 additional	

negative	 charge	 of	 the	 50:40:10	 membrane	 results	 in	 a	 more	 confined	 K-Ras4B	 geometric	

center/membrane	geometric	center	distance	distribution	in	comparison	with	the	78:20:2	model,	as	shown	

in	the	distance	histograms	of	Figure	4	and	Figure	8.		

	

We	also	investigated	how	the	secondary	structure	of	the	C-terminus	of	the	α5	helix	affects	the	stability	of	

the	dimer	interface	and	observed	that	when	the	secondary	structure	content	of	α5	helix	residues	166-172	is	

over	50%,	the	R161-D154	salt	bridge	breaks.	Indeed,	the	α5	helix	has	the	potential	to	impose	geometrical	

constraints	on	the	orientation	of	the	G-domain	since	the	C-terminus	of	the	α5	helix	extends	to	the	HRV	in	

direct	contact	with	the	membrane.	We	conclude	that	the	α5	helix	needs	to	be	unfolded	beyond	residue	166	

in	order	for	the	α4/α5	dimer	interface	to	be	restrained,	although	several	crystal	structures	show	α5	helical	

extension	 to	 HRV	 residue	 K172	 (PDB	 ID:	 6GOD60)	 or	 D173	 (PDB	 ID:	 4DSO44).	 Other	 studies	 have	 also	

observed	that	α5	helix	may	lose	50%	of	its	helicity	at	residue	K167	during	the	course	of	the	simulations.27	

	

We	observe	that	the	stabilizing	factor	of	the	K-Ras4B	dimer	in	the	presence	of	the	Raf	effectors	is	the	ability	

of	the	Raf[CRD]	domains	to	remain	anchored	on	the	membrane.	This	 is	 in	agreement	with	a	recent	study	

combining	 biophysical	 and	 computational	 methods,	 which	 showed	 that	 the	 membrane-anchored	 K-RAS	

populates	 a	 membrane	 distal	 conformation,	 which	 allows	 the	 recruitment	 of	 Raf,	 pinpointing	 the	

importance	 of	 the	membrane	 anchor.	 This	 study	 suggests	 that	 such	 observations	 are	 compatible	 with	 a	

directional	 fly-casting	mechanism	 for	 K-Ras4B,	 in	 which	 the	membrane-distal	 state	 of	 the	 G-domain	 can	

effectively	recruit	Raf	kinase	from	the	cytoplasm	for	activation	at	the	membrane.61	Despite	its	importance,	

HVR	anchoring	alone	does	not	 suffice	 for	K-Ras4B	dimerization,	as	 suggested	by	 fluorescence	 correlation	

spectroscopy	experiments	on	supported	membranes.56	In	a	similar	fashion,	according	to	our	study,	K-Ras4B	

interface	 salt	 bridges	 are	 stable	 in	 the	 50:40:10	membrane	 only	 if	 Raf[CRD]	 domains	 are	 stable	 on	 the	

model	membrane,	indicating	that	the	additional	negatively	charged	lipids	do	not	confer	additional	stability	

to	 the	α4-α5	K-Ras4B	 interface	 in	 the	 presence	of	 Raf[RBD/CRD]	 effectors.	The	 stabilities	of	 the	 K-Ras4B	

dimer	 with	 Raf[RBD/CRD]	 effectors	 in	 the	 78:20:2	 and	 50:40:10	membrane	 does	 not	 differ	 significantly,	

including	 the	 stability	 of	 the	 D154	 and	 R161	 dimer	 salt	 bridges,	 indicating	 that	 in	 the	 presence	 of	 Raf	

effectors	 the	desired	dimer	stability	 is	 reached	without	being	 influenced	by	anionic	 lipid	concentration.	A	

recent	study	using	a	combination	of	size	exclusion	chromatography	 (SEC)	and	small	angle	X-ray	scattering	

(SAXS)	 experiments	 indicates	 that	 the	 presence	 of	 Raf[RBD]	 	 is	 sufficient	 to	 promote	 Ras	 G-domain	

dimerization,	even	in	the	absence	of	membrane	or	the	HVR,	highlighting	the	importance	of	Raf[RBD]binding	

for	 the	 stability	 of	 the	 K-Ras	 dimer.25	 In	 the	 same	 study,	 single	 molecule	 tracking	 experiments	 and	

fluorescence	 correlation	 spectroscopy	 have	 shown	 that	 Raf[RBD]	 is	 of	 vital	 importance	 for	 robust	
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dimerization	of	Ras	on	supported	membranes.	Furthermore,	allosteric	network	analysis	of	MD	simulations	

indicated	 that	 dimerization	 dramatically	 increases	 allosteric	 connections,	 connecting	 the	 two	 Raf[RBD]	

molecules	at	opposite	ends	of	 the	dimer	 formed	by	the	α4-α5	 interface	of	 the	K-Ras	monomers.25	Strong	

allosteric	 connection	 between	Ras	G-domain	 and	Raf	 effectors	 has	 also	been	 observed	 for	 the	Q61L	 Ras	

mutant.24	

	

We	finally	conclude	that	both	anchoring	of	Raf[CRD]	on	the	membrane	and	the	membrane	composition	are	

decisive	factors	determining	the	K-Ras4B	dimer	stability.	The	results	reported	herein	have	provided	with	an	

insight	 on	 the	 effects	 of	 both	 the	 membrane	 environment	 and	 the	 Raf	 binding	 with	 respect	 to	 the	

stabilization	 of	 the	 K-Ras	 dimers	 formed	 through	 an	 α4-α5	 interface.	 Further	 studies	 combining	 the	

atomistic	 detail	 of	molecular	 simulations	with	 experimental	 validation	 using	 biophysical	 and	 biochemical	

assays	are	needed	in	order	to	shed	light	upon	this	complicated	mechanism	of	Raf/Ras	activation.	
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